Background: Intra-articular injections of local anesthetics are used commonly in articular surgery. However, chondrocyte viability and metabolism may be adversely affected by various anesthetics. Objectives: To assess the chondrotoxic effects of bupivacaine, levobupivacaine, and ropivacaine on human chondrocytes and elucidate possible mechanisms of chondrocyte death. Methods: Cultured human chondrocytes (CHON-001) were exposed to 0.25% or 0.5% of bupivacaine, levobupivacaine, and ropivacaine in vitro. Cell viability was determined by flow cytometry after 15, 30, 60, and 120 min of exposure. Chondrocyte reactive oxygen species (ROS) production was measured every 10 min for up to 1 h using 2ʹ,7ʹdichlorodihydrofluorescein staining. Chondrocyte production of glycosaminoglycan was measured by capillary electrophoresis. NO production was measured using a colorimetric assay kit. Results: We found a significant increase in chondrotoxicity dependent on exposure time and concentration of the anesthetic. At 60 min, chondrocyte viability was significantly (P < 0.05) decreased when exposed to 0.5% levobupivacaine (32.5%), or 0.25% or 0.5% bupivacaine (34.3% or 46.5%, respectively) compared with exposure to phosphate-buffered saline (PBS) vehicle as a control. Cell death at 120 min was mainly necrosis. There was no difference in viability after treatment with either concentration (0.25% or 0.5%) of ropivacaine at any time compared with exposure to PBS. We found increased production of NO, while ROS decreased after exposure to any of the anesthetics tested. Conclusions: Ropivacaine may be safer than bupivacaine or levobupivacaine as an intra-articular analgesic. Chondrotoxicity of anesthetics in vitro may be mediated via a reactive nitrogen species-dependent pathway.
In outpatient settings for orthopedics, local anesthetics are commonly injected intra-articularly. Such treatment is commonly considered as part of a multimodal regimen for postoperative analgesia following procedures involving joints such as the shoulder, knee, hip, and ankle [1, 2] . Although it provides effective pain control, intra-articular administration of local anesthetics has attracted attention for its potentially deleterious effects on articular chondrocytes. Studies in vitro have demonstrated that local anesthetics can induce cell death in both animal and human chondrocytes [3] [4] [5] . Clinical evidence for chondrotoxicity of local anesthetics in humans has been reported, and there are an increasing number of case reports implicating association between intra-articular injections to manage pain and the development of chondrolysis, a catastrophic development of progressive pain and stiffness of joints [1, 2, 6] . This evidence suggests that exposure to local anesthetics might be potentially toxic for chondrocytes. However, the cellular mechanism for this cytotoxicity has not been fully elucidated.
The purpose of the present study was to examine human articular chond rocyte viability and glycosaminoglycan (GAG) production after exposure to various concentrations of bupivacaine, levobupivacaine, and ropivacaine for various times in vitro. We also sought to determine whether the cytotoxicity observed involved the production of reactive oxygen species (ROS) or nitric oxide. We hypothesized that chondrotoxicity was directly dependent on the concentration of local anesthetics, exposure time, and type of local anesthetic.
Materials and methods

Cell culture
The human chondrocyte cell line (CHON-001) was purchased from the American Type Culture Collection (and had been previously authenticated for identity by karyotyping and short tandem repeat profile) and cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Gibco), but was not recently tested for mycoplasma contamination. The cells were cultured in Flask T75 (Nest Biotechnology, China) and incubated at 37°C under an atmosphere of 5% CO 2 until used (the passages of CHON-001 used in the present study ranged from 5-10).
Cellular viability, morphology, and death pattern analysis
The cytotoxicity of the anesthetics on chondrocytes and pattern of cell death were analyzed using an Epics XL flow cytometer (Beckman Coulter). To conduct this analysis, CHON-001 cells were seeded into 24-well plates at a final concentration of 2.5 × 10 5 cells/well and incubated overnight at 37°C under an atmosphere of 5% CO 2 . Before treatment with anesthetics, the cells were washed using phosphate-buffered saline (PBS). The local anesthetics, bupivacaine, levobupivacaine, and ropivacaine at low dose (0.25%) and high dose (0.5%) were applied to the cells, using PBS alone as a negative control and H 2 O 2 as a positive control. Then, the cells in each treatment were incubated at 37°C under an atmosphere of 5% CO 2 for 30, 60, and 120 min. Three replicates were used for each treatment and time. After incubation, cells were collected from two parts of the well plates, (i) cells that detached from surface of plate and were suspended in culture media, and (ii) cells from plate surface, which were collected using trypsin-EDTA (Gibco), and combined with the planktonic cells. The cells collected were examined under a microscope at 10× magnification then stained with annexin V-conjugated fluorescein isothiocyanate (FITC) and propidium iodide (PI; BD biosciences) according to the manufacturer's instructions. Briefly, CHON-001 cells were washed twice with cold PBS and resuspended in annexin V-binding buffer. The FITC-conjugated annexin V and PI were added into the cell-collection tube. The cells were incubated in the dark at room temperature (about 25°C) for 15 min. After staining, and flow cytometry the data were analyzed using system II software (version 3.0; Beckman Coulter).
GAG detection
Chemicals and reagents
Dermatan sulfate (sodium salt) and sodium hyaluronic acid from cock's comb were obtained from TCI Europe. Chondroitin sulfate (sodium salt) from shark cartilage, butylamine and (2-hydroxypropyl)-b-cyclodextrin were purchased from Sigma-Aldrich. Sodium dihydrogen phosphate, methanol, phosphoric acid, and sodium hydroxide were reagent grade.
Instrumentation and conditions
Capillary electrophoresis analyses were performed on a Beckman Coulter P/ACE MDQ capillary electrophoresis system equipped with a photodiode array detector operating at 195 nm. Separation and analysis were conducted using an uncoated fused silica capillary (50 mm internal diameter, 375 mm outside diameter) with a total length of 40.2 cm (30 cm to detector). Samples were introduced into the capillary using pressure injection (0.5 psi for 60 s) and separated at -16 kV. The temperature of the capillary was regulated by liquid cooling at 25°C. A new capillary was first conditioned using solutions as follows: methanol, 1 M NaOH, 0.1 M NaOH, Milli-Q water, 1 M H 3 PO 4 , and 0.1 M H 3 PO 4 , followed by the background electrolyte. Each solution was flushed into the capillary using 20 psi for 20 min. Between runs, the capillary was rinsed with methanol for 1 min, 0.1 M H 3 PO 4 for 1 min, and the background electrolyte for 2 min. Electropherograms were acquired and analyzed using 32 Karat software (version 5.0). Before capillary electrophoresis runs, all samples were stored at 4°C.
Preparation of reagents and samples
The background electrolyte was prepared by dissolving appropriate amount of NaH 2 PO 4 and (2-hydroxypropyl)-bcyclodextrin into an optimized volume of butylamine, and adjusted to pH 4.0 with 1 M H 3 PO 4 and 1 M NaOH to give the optimized conditions indicated below. A standard stock solution of 1,000 mg⋅L -1 of chondroitin sulfate, dermatan sulfate, and hyaluronic acid was prepared separately using Milli-Q water. The standard working solutions were prepared by diluting from the standard stock solutions.
CHON-001 cells were seeded into 12-well plates at a final concentration of 2 × 10 5 cells/well and incubated overnight at 37°C under an atmosphere of 5% CO 2 . Before cell treatment, bupivacaine was dispersed in DMEM at a final concentration of 0.25% and 0.125%. The cells were exposed to this anesthetic for 24 h; then, supernatants were collected to determine the amount of the GAGs produced including dermatan sulfate, chondroitin sulfate, and hyaluronic acid. Briefly, supernatant from each condition was filtered through 0.22 mm nylon membrane filters and analyzed by capillary electrophoresis using the following optimized conditions: 200 mM NaH 2 PO 4 , 200 mM butylamine, 80 mM (2-hydroxypropyl)-b-cyclodextrin, separation voltage of -16 kV, injection time of 60 s, and ultraviolet detection at 195 nm.
ROS production
Generated ROS were determined by 2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (DCFH) reagent (Invitrogen). In brief, CHON-001 cells were seeded into black 96-well plates at confluent density of 10,000 cells/well and then incubated at 37°C under an atmosphere of 5% CO 2 overnight. The cells were treated with DCFH and incubated in the dark for 30 min. After incubation was complete, the cells were treated with anesthetic under the same conditions as for the cytotoxicity experiment previously described. When nonfluorescent DCFH penetrates the cells, intracellular esterases hydrolyze DCFH to 2ʹ,7ʹ-dichlorodihydrofluorescein that is oxidized by intracellular ROS to 2ʹ,7ʹ-dichlorofluorescein, which can be detected by fluorescence emission at 528 nm using a microplate reading fluorescence spectrophotometer at an excitation of 485 nm. The intensity of the fluorescence in each condition was measured every 10 min for 1 h to assess the kinetic change of ROS production by cells when exposed to anesthetics.
Nitric oxide production
Nitric oxide (NO) production was measured by using a colorimetric Nitrite/Nitrate Assay kit (Sigma-Aldrich) according to the instructions from the manufacturer. In brief, CHON-001 cells were seeded into 24-well plates at a final concentration of 6 × 10 4 cells and incubated overnight. The cells were treated with anesthetic at the same concentration as for the cell viability analysis. Then, the CHON-001 cells were incubated for 15, 30, and 120 min before collecting supernatant to measure their NO production. Supernatants were collected from 24-well plates into 96-well plates and incubated with nitrate reductase and enzyme cofactor solution for 2 h. After incubation, Griess reagents A and B were added to each well and incubated with the contents of the wells for 10 min. The absorbance of the well contents was measured at 540 nm using a microplate reading spectrophotometer. Finally, the absorbance of a blank solution was subtracted from the absorbance of each well contents and the concentration of nitrite-nitrate was determined from a calibration curve.
Statistical analyses
Data are presented as mean values and standard deviation (mean ± SD) calculated using GraphPad Prism software (version 5.0) for the outcome variables of cell viability, GAG synthesis, ROS, and NO generation. One way analysis of variance, with a Tukey post hoc multiple comparison test was used to compare the local anesthetics and control groups. P < 0.05 was assumed significant in tests of statistical inference. The results for each treatment and time were determined in triplicate, except GAG detection, which was not repeated because of limitations in using and availability of the instrument.
Results
Cytotoxicity
Cell viability decreased in a time-and concentration-dependent manner after treatment with the various types of local anesthetics. Chondrocyte viability was reduced significantly after exposure to levobupivacaine and bupivacaine (Figure 1) . Compared with treatment with PBS vehicle control, we found no significant effect of 0.25% levobupivacaine, or 0.25% or 0.5% ropivacaine on cell viability. At 60 min, viability was decreased significantly in chondrocytes treated with 0.5% levobupivacaine (32.5 ± 11.5%), or 0.25% or 0.5% bupivacaine (34.2 ± 12.6% and 46.5 ± 7.9%, respectively) compared with chondrocytes treated with PBS vehicle control. Viability was decreased significantly (87.3 ± 4.7%, P < 0.001) in chondrocytes treated with 0.25% bupivacaine at 30 min compared with chondrocytes treated with PBS vehicle as a control.
Cell death pattern analysis
The pattern of chondrocyte death was mainly necrosis after exposure to 0.25% bupivacaine (69.1%), 0.5% bupivacaine (56.0%), or 0.5% levobupivacaine (51.0%) for 120 min (Figure 2) . The chondrocyte morphology after treatment with low-or high-dose bupivacaine changed from round to elongated, compared with chondrocytes treated with PBS as a control.
GAG detection
The amount of dermatan sulfate in chondrocytes treated with DMEM for 24 h was 3784 AU, treated similarly with H 2 O 2 was 14649 AU, 0.125% bupivacaine was 19344 AU, and 0.25% bupivacaine was 9771 AU. Compared with DMEM as a negative control, 0.125% bupivacaine significantly increased the amount of dermatan sulfate in chondrocytes (Figure 3A and B) , while the levels of neither chondroitin sulfate nor hyaluronic acid changed significantly after exposure to bupivacaine.
ROS production
The levels of ROS were decreased significantly in chondrocytes treated with bupivacaine, levobupivacaine, or ropivacaine, and low concentrations were apparently more effective than high concentration for all local anesthetics (Figure 4A-F) . At 60 min, ROS production was significantly lower in the chondrocytes treated with 0.25% bupivacaine (54.0 ± 3.9, P < 0.05), 0.25% levobupivacaine (61.05 ± 0.62, P < 0.01), or 0.25% ropivacaine (70.7 ± 1.8%, P < 0.001) compared with that after treatment with PBS vehicle as a control. ROS production by chondrocytes after treatment with 0.5% bupivacaine (82.9 ± 12.0%, P < 0.05), 0.5% levobupivacaine (70.0 ± 5.1%, P < 0.01), or 0.5% ropivacaine (69.8 ± 5.5%, P < 0.001) was also significantly lower than that after treatment with PBS vehicle as a control.
NO production
NO production by chondrocytes treated with local anesthetics was significantly higher than by vehicle control treated chondrocytes (Figure 5) . At 120 min, the NO production was highest in chondrocytes treated with 0.25% levobupivacaine (173.6%, P < 0.001) or 0.5% levobupivacaine (215.8%, P < 0.001). NO production was also high in chondrocytes treated with 0.25% ropivacaine (164.0%, P < 0.01), 0.5% ropivacaine (198.1%, P < 0.01), or 0.25% bupivacaine (123.2% P < 0.05), but low in the group treated with 0.5% bupivacaine (83.7% P < 0.05). 
Discussion
In the present study, we examined some cellular responses of human chondrocytes after exposure to local anesthetics. We found that bupivacaine and levobupivacaine were chondrotoxic, while ropivacaine was not. The chondrotoxic effect was time, concentration, and drug-type dependent. These findings suggest that ropivacaine may be safer than bupivacaine or levobupivacaine as an intra-articular analgesic. The cytotoxic effects of bupivacaine, levobupivacaine, and ropivacaine have been noted in previous studies in vitro and in vivo [1, 2, 6, 7] . We found that the viability of chondrocytes decreased after treatment with 0.25% or 0.5% bupivacaine, or 0.5% levobupivacaine for 60 min, compared with treatment by PBS as a vehicle control. However, treatment with 0.25% or 0.5% ropivacaine did not decrease chondrocyte viability at 60 min when compared with treatment by PBS. Our findings are similar to those of Piper et al. [2] who reported that ropivacaine was less toxic than bupivacaine or lidocaine on both monolayer cultured cells and intact cartilage after 30-min exposure [2] . Studies by Baker et al. [1] and Breu et al. [8] suggested that chondrocyte damage by local anesthetics was dose and time dependent. Breu et al. [8] demonstrated that exposure to a high concentration (0.75%) of ropivacaine decreased chondrocyte viability [8] and suggested that local The present study demonstrated that low (0.25%) and high (0.5%) doses of bupivacaine and a high (0.5%) dose of levobupivacaine induced necrotic cell death in chondrocytes after 120 min treatment. The morphology of bupivacainetreated chondrocytes changed from round to elongated. Cytoskeleton disruption and mitochondrial dysfunction may Varying toxicity has been observed for different durations of exposure to anesthetics. Bupivacaine has an onset of 5 min and 2-4-h duration of action [9] . Piper et al. [2] found an increase in necrotic cell death of bupivacaine-treated chondrocytes at 24 h, but viability after 24 and 96 h was not different. These findings suggest that both cell viability and the pattern of cell death are dependent on time of exposure to these anesthetics.
Dermatan sulfate, a GAG, plays a role in cellular proliferation and differentiation, wound healing, anticoagulant, antithrombotic, and anti-inflammatory activities [10] . We found that dermatan sulfate synthesis in chondrocytes treated with a low-dose of bupivacaine was higher than that in chondrocytes treated with a high-dose of bupivacaine. Bupivacaine acts directly on the extracellular matrix, resulting in dermatan sulfate production [11] . Gulihar and Shaunak [12] showed that all local anesthetics tested inhibited proteoglycan metabolism in articular cartilage and that glucosamine was able to reduce the inhibition. Glucosamine produces GAG, which is able to protect the articular cartilage [12] . These findings suggest that chondrocytes remain functional because GAG can protect chondrocyte function after exposure to local anesthetics.
The mechanism of chondrotoxic effect induced by local anesthetics remains unclear. A few studies examined ROS production by chondrocytes treated with various local anesthetics [13, 14] . Other studies found that local anesthetics play a role in anti-inflammatory effects [15] [16] [17] . Hattori et al. demonstrated that different concentrations and types of local anesthetics suppressed free radical production by PMN cells [18] . In chondrocytes, we found an increased production of NO, while ROS decreased after exposure to any of the local anesthetics tested. Previous studies found that NO release is induced by dermatan sulfate and NO produces reactive nitrogen species (RNS) resulting in inflammation [19, 20] . These findings suggest that the local anesthetics may exert a cytotoxic effect on the chondrocyte via an RNS-dependent pathway.
Although the present study supports previous findings of the cytotoxicity of bupivacaine and levobupivacaine in vitro, the mechanisms and pathways involved in the cytotoxic effect of these anesthetics need to be clarified. Limitations include those of using capillary electrophoresis and that we have focused on GAG, dermatan sulfate, chondroitin sulfate, and hyaluronic acid, while there are other types of GAG or extracellular matrix as well as cytoskeleton, which may play important roles in anesthetic cytotoxicity. In the present study of CHON-001 cell line in vitro a few factors can affect cytotoxicity. Hence, further studies of the mechanism of chondrotoxic effects of local anesthetics in vitro and effect of other local anesthetics that are injected intraarticularly are warranted. A clinical study to assess the effect of ropivacaine in articular surgery is also warranted because of its apparently lower toxicity compared with bupivacaine and levobupivacaine.
Conclusions
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